Background An assortment of variables has been used in predicting anterior shoulder instability resulting from pathologic engagement of Hill-Sachs lesions on the glenoid. The glenoid track is a unique biomechanical model that relates both Hill-Sachs and bony Bankart lesions to predict shoulder engagement. We examined the glenoid track concept to determine if it provides a model that unifies glenoid rim and humeral head bone loss in predicting engagement.
Introduction
It is well established that glenoid bone loss (Bankart lesions) and humeral head bone loss (Hill-Sachs lesions) Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. The views expressed in this article are those of the author(s) and do not necessarily reflect the official policy or position of the Department of the Navy, Department of Defense, nor the US Government. are associated with shoulder instability. The incidence of Hill-Sachs lesions in anterior shoulder instability ranges from 38% to 88% and is associated with up to 100% of recurrent dislocations [4, 12, 22] . The geometry of the glenohumeral joint surface provides less static stabilization compared with other joints because of the smaller surface area and shallowness of the glenoid in comparison with the humeral head [16] . Glenohumeral joint stability is dependent on multiple dynamic and static stabilizers whose importance changes depending on the position of the arm. When the shoulder is in the middle ROM (defined as up to 30°glenohumeral abduction, AP translation, or superoinferior translation), it is stabilized by negative intraarticular pressure along with a concavity-compression effect caused by muscle contraction on the glenoid cavity. A bony lesion that results in disruption of the negative intraarticular pressure could cause shoulder instability.
At extremes of motion such as during maximum external rotation and abduction, as seen in pitchers, the glenohumeral joint is kept congruous by the anteroinferior shoulder capsule. This end range stability can be disrupted by Bankart lesions and large Hill-Sachs lesions that engage with the anterior rim of the glenoid and lever the humerus out of congruity.
Multiple studies have attempted to relate risk of engagement with focus on either the Bankart or the Hill-Sachs size, diameter, and volume with mixed results. A potential weakness of just looking at the one humeral aspect of the joint is that it ignores the many interactions of the joint. It is intuitive that instability resulting from a Hill-Sachs injury is potentiated by glenoid bone deficiency. The relationship of Hill-Sachs defects to anterior shoulder instability is well recognized ( Fig. 1A-B ); however, the impact in association with glenoid bone loss is less clearly defined. There is a lot of heterogeneity in the assessment of Hill-Sachs lesions that has made quantifying and treatment decisions difficult. There has been disagreement as to whether depth, volume, or other factors is the most important factor to determine risks of further engagement or dislocation. The glenoid track concept tries to best explain this through arguing that location is the most important factor in predicting whether a lesion is clinically significant.
Burkhart and De Beer [2] describe the ''engaging Hill-Sachs lesion'' as an arthroscopic finding and is based on the arm being in a position of function (maximally externally rotated and abducted). The prevalence of engaging lesions has varied from 1.5% to 34% [2, 5, 19] . Yamamoto et al. [30] introduced the concept of the glenoid track based on the arm in a position of function to biomechanically relate both humeral head and glenoid rim bone loss to shoulder instability. The study found that as glenoid bone loss increases, the glenoid track decreases in width making it more likely that the medial aspect of the Hill-Sachs lesion can engage the glenoid rim ( Fig. 2A-B ).
Using a systematic literature review of biomechanical shoulder studies, we addressed the following questions: (1) How are humeral head and glenoid rim bony defects and their interactions quantified? (2) Why is the concept of the glenoid track important? In answering these questions, we demonstrate the importance of examining the glenoid and humeral head bony loss in synergy and how this information can benefit the practicing orthopaedic surgeon.
Search Strategy and Criteria
We searched MEDLINE (through PubMed) and OVID1 up to March 2013. Articles were identified using the following Articles were included in the systematic review based on the following criteria: (1) published in English; and (2) cadaver studies; or (3) a clinical study with a level I, II, III, or IV design. We specifically included biomechanical studies on humeral head and glenoid bony loss and (4) redislocation risk in clinical studies and the propensity to redislocate in cadaveric or biomechanical studies after bony repairs to the glenoid and/or the humeral head. All authors screened articles to determine inclusion or exclusion; disagreements were resolved through discussion and consensus.
We specifically excluded articles that had concurrent capsular, ligamentous, rotator cuff, or labrum injury. We also excluded Bankart or Hill-Sachs lesions in the context of concurrent arthritis, neoplasm, humeral shaft, clavicle, or scapula fracture. All authors independently verified included articles to ensure that the inclusion and exclusion criteria were being met.
A total of 87 articles were eventually identified for detailed review with the predominant patient population being young males with shoulder instability. Of these, 24 were identified as topic-pertinent cadaver and biomechanical studies ( Fig. 3 ). Of these 24 articles, four correlated humeral head and glenoid anatomy [6, 16, 26, 28] . Four articles examined imaging strategies used to quantified humeral head and glenoid bone loss [5, 17, 21, 27] . Nine articles correlated humeral head and/or glenoid bone loss with shoulder engagement [2, 9, 10, 13, 14, 24, [29] [30] [31] . Six articles defined current concepts in Bankart and Hill-Sachs repair and treatment [3, 7, 8, 11, 15, 25] . Finally, one article relates the glenoid track concept to current clinical practices [18] .
Results

How Are Humeral Head and Glenoid Rim Bony Defects and Their Interactions Quantified?
Huysmans et al. [9] demonstrated the shape of the inferior glenoid to be a true circle in 39 of 40 cadaveric scapulae ( Table 1) . Glenoid loss can be calculated using the circle method in which a line is drawn about the long axis of the glenoid with a best-fit circle placed about the inferior border of the glenoid. Glenoid bone loss can be calculated through the difference between expected and actual diameter of the glenoid. Itoi et al. [10] showed that CT scans are better than axillary or West Point views in assessing glenoid bone loss. Itoi et al. also showed that a glenoid defect at 45°from the longitudinal axis of the glenoid of 21% can result in a loss of 50% of width at the inferior one-fourth of the glenoid, resulting in instability.
Kodali et al. [17] demonstrated that with two-dimensional CT, individual observers are more accurate in determining depth rather than width measurements of Hill- Sachs lesions. Coronal views gave the largest percentage error at 19.2% ± 13.6%, whereas sagittal views the least at 11.8% ± 8.2%. A defect that is more perpendicular to the image plane makes it easier for an observer to select an image that depicts the maximum depth and width; however, in defects relatively parallel to the image plane, the observer is likely to select an image that represents maximum depth or width but not both. Cho et al. [5] used CT scans to determine engaging Hill-Sachs lesions are larger and more horizontally orientated to the humeral shaft. Burkhart and De Beer [2] describe similar findings in which engaging Hill-Sachs lesions are positioned more horizontal to the humeral shaft than nonengaging lesions.
Kurokawa et al. [18] used CT to demonstrate that Hill-Sachs engagement does not depend on width of the humeral lesion, but on the location of the lesion's medial margin. In a series of 100 cases with a Hill-Sachs lesion, 7% had engaging lesions. Three percent of these had wide Hill-Sachs lesions, whereas 4% had narrow but medially located Hill-Sachs lesions. All engaging lesions had substantial (greater than 20% of the affected glenoid width) glenoid bone loss ( Table 2 ).
In addition to noninvasive preoperative imaging, intraoperative findings help quantify bone loss. Burkhart and De Beer [2] and Burkhart et al. [3] used intraoperative findings to calculate glenoid bone loss while using the bare spot as the anatomic center of the glenoid. Huysman et al. [9] describe using the bare spot and a calibrated probe to identify global glenoid bone loss but note the exact center of the bare spot can sometimes be difficult to determine resulting in measurement error.
Why Is the Concept of the Glenoid Track Important?
Early studies of contact areas at the glenohumeral joint demonstrate a complex interaction of the glenoid and humeral head. Kaar et al. [14] and Sekiya et al. [24] note that increasing the size of a humeral bony defect increases the risk of engagement; however, a defect of up to 25% in isolation does not necessarily result in engagement. With elevation and abduction, the humeral head dramatically migrates from an inferior region to a superior-central posterior region of the glenoid and contact area increased [26, 28] . Kurokawa et al. [18] noted that all of their engaging Hill-Sachs lesions also had significant glenoid bone loss ( Table 3 ). The importance of glenoid surface area was further characterized by Saito et al. [23] and Ji et al. [13] who found the major direction of glenoid defects was in a more anterior portion rather than anteroinferior in patients with recurrent shoulder dislocation (Table 4) .
Yamamoto et al. [30] defined the glenoid track using cadaveric models to map the path of the glenoid rim on the humeral head as the arm moved to maximum abduction, extension, and external rotation. It was noted that the width of the glenoid track was 84% of the total glenoid width because there was overlap laterally with the rotator cuff attachment. Additional glenoid defects are subtracted from 84% to give the corrected glenoid width (Fig. 4A-B ). In sharp contrast to humeral bony defects, Yamamoto et al. [31] and Itoi et al. [10] note that anterior glenoid defects greater than 19% the width of the total glenoid length remain unstable even after Bankart repair and require additional bone grafting for stability ( Table 5 ).
Discussion
An assortment of variables has been used in predicting anterior shoulder joint instability resulting from pathologic engagement of Hill-Sachs lesions on the glenoid. However, controversy still exists over the best method to predict shoulder engagement. Most studies assessing shoulder instability concentrate on bone deficits of the humerus or the glenoid in isolation. These studies overlook the interaction of the two lesions through the arc of ROM and how this may influence instability. The glenoid track is the first model to determine, in a dynamic way, how bone loss on both sides of the joint can lead to instability. In this review, we sought to further examine the concept of the glenoid track and addressed the following questions: (1) How are humeral head and glenoid rim bony defects and their interactions quantified? (2) Why is the concept of the glenoid track important?
There were several limitations to our study. First, Yamamoto et al.'s [30] initial study is the only biomechanical study of the glenoid track concept to date. All other biomechanical studies focused on either glenoid or humeral head bony defects in isolation from which we had to extrapolate results to apply to our study. Second, the dominance of cadaveric studies in our study can reflect bias because they do not fully simulate in vivo conditions. Third, biomechanical and anatomic studies are often not reported in a unified manner, making synthesis of results difficult. Despite the limited biomechanical and sparse clinical studies regarding the glenoid track concept, we believe the systematic nature of our search encompasses current ideas on the combined effects of glenoid rim and humeral head bony defects on shoulder engagement. Lastly, although a rigorous assessment of the topic using systematic review methods was used, this topic does not easily lend itself to the systematic review methodologies.
In answering our second question, we hoped to educate the reader rather than simply answer a testable question.
Previous studies have produced multiple models in predicting glenohumeral bone loss but have failed to accurately predict shoulder engagement [20] . However, it has been noted that lesions in line with the anterior glenoid in a position of function [5, 25] , or medially located, are more likely to result in instability [18, 30] . In isolated studies of humeral head bone loss, Sekiya et al. [25] determined that humeral head defects of up to 25% in isolation have significantly less anterior translation before dislocation. However, large osteoarticular defects, greater than 37.5%, could benefit from an allograft transplant to restore shoulder stability. In a similar study, Kaar et al. [14] determined that humeral head defects that are five-eighths total width of the humeral head radius showed a significant decrease in stability. Similarly, in isolated studies of the glenoid, Yamamoto et al. [29] determined that lesions greater than 20% result in possible engagement. However, to accurately predict shoulder engagement, it is vital to assess both glenoid and humeral head bone loss.
Yamamoto et al.'s [30] concept of the glenoid track takes both humeral head and glenoid lesions into consideration when assessing a shoulder with anterior instability. In following the pathway of the humerus on the glenoid through functional ROM, several important concepts were appreciated. First, bone loss from the glenoid results in a smaller track making it more likely for the humerus to engage and dislocate. Second, humeral lesions located medially are at increased risk of engagement. Although both of these findings have been validated through prior What is the critical size of glenoid defects that results in instability? A 21% defect results in 50% loss of inferior onefourths glenoid width and resulting instability research, the glenoid track concept best unifies these concepts. Recent clinical trials have shown promise to the concept of the glenoid track. Kurokawa et al. [18] noted that in the setting of glenoid bone loss, shoulder engagement depended on the location of the medial margin of the humeral lesion. Kurokawa et al. calculated an occupancy ratio of the Hill-Sachs lesion in the glenoid track with the medial margin of the rotator footprint a fixed point and the two variables being the medial margin of the Hill-Sachs lesion along with the glenoid track width. Per their formula, engaging lesions score greater than a 100% occupancy ratio indicating an increased risk of shoulder instability or dislocation ( Table 6 ). The use of the glenoid track concept can potentially help guide surgical decision-making. Previous studies have focused on the isolated treatment of Hill-Sachs and bony Bankart lesions. Giles et al. [8] , Sekiya et al. [25] , Elkinson et al. [7] , and Kazel et al. [15] all studied various methods of isolated Hill-Sachs repair, whereas Itoi et al. [10] and Yamamoto et al. [29] both studied various methods of isolated bony Bankart repair. The importance of addressing the glenoid in the setting of humeral deficits was demonstrated by Kurokawa et al. [18] who used a Latarjet procedure to increase the width of the glenoid without treatment of the concurrent Hill-Sachs lesions. They showed that after the Hill-Sachs lesions were placed inside the glenoid track, they became nonengaging. Their study classified engaging Hill-Sachs lesions into two specific types: wide and large versus narrow and medially located. The formula demonstrates that the risk of engagement does not depend on the width of the Hill-Sachs lesion but on the location of its medial margin [1, 31] (Fig. 5 ). In the context of glenohumeral bony lesions, glenoid rim bone grafting could be considered a primary method to return a Hill-Sachs lesion inside the glenoid track with the various methods of Hill-Sachs repair a secondary option in cases of extensive glenohumeral bone loss ( Fig. 6A-C) .
Orthopaedic surgeons can use this information in several ways. First, if the Hill-Sachs lesion is particularly wide or medially located, we can predict engagement resulting in shoulder instability and may push for earlier interventions anticipating additional interventions such as having to address the Hill-Sachs lesion with or without glenoid repair. Second, if the Hill-Sachs lesion does not fall out of the glenoid track, then it can be ignored while the glenoid defect can be focused on. Further exploration of the topic may allow for more precise predictions based on imaging, but the best assessment of shoulder stability is done under direct visualization in the operating room.
Although early research is promising, further clinical studies to validate and refine the glenoid track concept are needed to better predict shoulder engagement. Further studies are needed into the predicting ability of the glenoid 2013 100 (case series) Use the glenoid track concept to clarify prevalence of engaging shoulder lesions 2 types of engaging Hill-Sachs lesions-wide and large and narrow, but medially located; these lesions are dependent on location of the medial margin clinical application of the glenoid track such as assessing the outcomes of isolated glenoid repairs in cases with glenohumeral bone loss. When does an isolated glenoid repair placing an engaging Hill-Sachs inside the glenoid track negate the need for further humeral head repairs? Does artificially widening the glenoid track (greater than 84%) have any deleterious effects? (Fig. 7) . The glenoid track concept incorporates both humeral head and glenoid rim bony loss to predict the likelihood of humeral head engagement and shoulder instability. Humeral head bony defects are likely to engage if they lie outside the track, and restoring the track to its natural width should be a priority when reestablishing shoulder stability. Further studies are needed to validate and refine the glenoid track concept, but initial studies show it to be a potentially powerful method to predict risk of engagement and plan surgical interventions. 
